The ion current density in the substrate was varied by the superimposition of an axially symmetric external magnetic field between the substrate and target. It was found that the variation of the magnetic field strength induced changes in the ion current density in the substrate with a consequent change in film properties. XRD patterns of sputtered films revealed changes of the lattice parameter (from 0.418 nm to approx. 0.429 nm) with the increase of the ionyatom arrival rate ratio. As already reported for samples prepared by r.f. sputtering, both can be assigned to a cubic B1 NaCl structure, typical for TiN. The lowest lattice parameter corresponds to a metastable phase where Si and Al atoms occupy Ti positions, while the highest lattice parameter corresponds to a system where at least a partial segregation of TiN and SiN phases already occurred, leading to the formation of a nanocomposite film of the type nc-TiAlNya- 
A d.c. reactive magnetron sputtering technique was used to deposit (Ti, Si, Al)N films. The ion current density in the substrate was varied by the superimposition of an axially symmetric external magnetic field between the substrate and target. It was found that the variation of the magnetic field strength induced changes in the ion current density in the substrate with a consequent change in film properties. XRD patterns of sputtered films revealed changes of the lattice parameter (from 0.418 nm to approx. 0.429 nm) with the increase of the ionyatom arrival rate ratio. As already reported for samples prepared by r.f. sputtering, both can be assigned to a cubic B1 NaCl structure, typical for TiN. The lowest lattice parameter corresponds to a metastable phase where Si and Al atoms occupy Ti positions, while the highest lattice parameter corresponds to a system where at least a partial segregation of TiN and SiN phases already occurred, leading to the formation of a nanocomposite film of the type nc-TiAlNya-
Introduction
Recently the study of multiphase materials based on grain refinement has deserved special attention w1-4x. These materials, commonly called nanostructured materials, are defined as materials having a characteristic length scale less than approximately 20 nm. Some of these nanocrystalline materials exhibit unusual mechanical and structural properties, such as, superhardness, enhanced elasticity and thermal stability. The design of these kinds of superhard nanocrystalline composites is associated with the preparation of a composite material consisting of nanocrystallites embedded within a very thin amorphous matrix w3,5,6x. As suggested by Veprek w6x, in nanocrystalline materials nanocracks propagate within the thin amorphous matrix and are hindered by nanocrystallites, which limits the size of nanocracks to a few nanometres. Though the structure and size of nanocrystalline grains in the hard phase, as well as, the thickness of the amorphous tissue appears to be the determinant parameters influencing the mechanical properties of the crystallineyamorphous nanocomposite coatings, a large cohesive energy is also necessary at the interfaces in order to decrease the total free energy of the system w7,8x.
Examples of these nanostructured materials are the systems consisting of a nanocrystalline transition metal nitrideyamorphous Si N composites, nc-Me Nya- values of 40-60 GPa w9-18x and a high elastic recovery (up to 80%), as well as an enhanced thermal stability (up to 1100 8C) w17x, as well the system nc-TiNyaSi N ya-and nc-TiSi which revealed an ultrahardness 3 4 2 higher than 80 GPa w19x. Ti-B-N coatings also showed high hardness values, which reach a maximum when TiB and TiN phases coexist in equal parts w20,21x.
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Recently, the superhardness revealed by nc-ZrNyCu w22x coatings indicated the possibility of a new type of superhard nanocomposite coating, in the form of ncMeNymetal. Another type of coating, also in the form of a nanocomposite, nc-TiCya-C w23x, also showed high hardness values, but with a remarkable plastic deformation.
The reported results revealed that intense ion bombardment is required to synthesize nc-TiNya-Si N coat-3 4
ings. An important factor in the microstructure of nitride coatings is the ionyatom arrival ratio J yJ w24x,
ion atom which has a significant effect on growth of the nanocrystalline TiN grains. Under low energy ion bombardment the radiation damage in the subsurface region is reduced, while the adatom mobility is enhanced. This is also a way to control not only the hardness, but also the elastic modulus in order to improve the wear resistance. In this paper (Ti, Si, Al)N coatings deposited on high-speed steel substrates produced by reactive magnetron sputtering were studied. The aim of this study is to understand the mechanical properties evolution as a function of different magnetic fields at substrate position and bias voltages and its correlation with the developed texture.
Experimental details
Deposition of (Ti, Si, Al)N samples was carried out in a laboratorial deposition system described in Fig. 1 . The system consists of two vertically opposed rectangular magnetrons in a closed field configuration. The magnetron sources are unbalanced of type 2 w25x. The films were deposited in an AryN atmosphere by reac-2 tive d.c. magnetron sputtering onto polished high-speed steel (AISI M2). A Ti adhesion layer was deposited onto these substrates before coating deposition. The substrates were positioned on a rotating holder (;7 rev.ymin). The target-to-substrate distance was kept at 70 mm in all runs. A Ti Al target and a Ti target 0.5 0.5 with some incrusted Si pieces were used in the preparation of the (Ti, Si, Al)N samples. An external heating resistance positioned at 80 mm from the substrate holder was used to heat the samples. In static mode and with a current density of 10 mA cm in the target, the y2 substrate temperature reached 340 8C. During depositions in rotation mode the substrate temperature was not measured, being lower than that obtained in static mode, but strongly dependent on the deposition rate and on the ion-to-atom arrival rate ratio. Rectangular solenoid coils, made of isolated Cu wire, were placed between the targets and the substrate holder. The external magnetic field created by a d.c. current passing through a coil allowed the variation of the ion flux towards the substrate. When coils were not used, the axial component of the magnetic field in the substrate holder had a value of 3.3 mT. When a 5 A d.c. current passed through the 210 turns of the coil, an external magnetic flux of 9.5 mT was obtained.
We estimated the ion flux (J ) as being the density ion saturation bias current w26,27x and the deposition flux (J ) through the deposition rate including the Ti and atom Al atoms during the (Ti, Al)N preparation in static mode. In order to evaluate the ion flux at the substrate, the saturation ion current to the substrates was measured using a 2.5 cm in diameter flat steel probe positioned in the substrate holder. The saturation current was measured as a function of the coil current at a constant probe voltage of y150 V. With a current density of 10 mA cm in the target and a working gas (AryN ) The (Ti, Al)N sample was prepared by static mode and the (Ti, Al, Si)N samples were deposited by rotation mode.
(RBS) and electron microprobe analysis (EMPA). RBS was performed using a He beam with energy of 2 q MeV and a H beam with energy of 1.5 MeV in order q to obtain the atomic areal density (atoms cm ) of the y2 films. Ball cratering tests were used to measure the thickness of the samples. The typical thickness of the films was approximately 2 mm. The density was estimated with the areal atomic density, extracted from RBS measurements, divided by the thickness. X-Ray diffraction (XRD) experiments were undertaken in a Philips PW 1710 apparatus using Cu K a radiation, in order to examine film texture and microstructure. The deflection method was used to evaluate the residual stress. Hardness and Young's modulus measurements were performed in a Fisherscope H100, using a maximum load of 40 mN, whose details are reported elsewhere w13x. Pin-on-disk sliding wear tests were performed at room temperature using a Si N pin 3 4 subjected to a normal force of 5 N. The sliding speed of the disks, with a diameter of 70 mm, was 0.5 m s . 
Results and discussion

Microstructure, composition and properties of as deposited samples
RBS and EPMA analyses showed that coatings are almost stoichiometric. The composition and density, as well the bias and the magnetic field at substrate position used in the preparation of representative (Ti, Al, Si)N samples are displayed in Table 1 . The sample TA was prepared without Si and in static mode. All other samples were prepared in rotation mode, the first three with a current density on magnetrons of 5 mA cm y2 and the remaining with a current density of 10 mA cm . Although using the same two targets with the y2 same current, the composition varied with the superimposed external magnetic field. The increase in the iony atom arrival rate ratio induces resputtering in the substrate, with a selective removal of Si. A significant density increase of the films was observed in the presence of the external magnetic field, as a consequence of the increase of low energy ion bombardment.
XRD patterns representative of the general behaviour of the prepared samples are shown in Fig. 3 . In this figure are shown patterns of samples prepared with a current density on magnetrons of 10 mA cm and a y2 deposition rate of approximately 2.1 mm h . The y1 patterns labelled from (a) to (c) correspond to samples prepared with increasing magnetic field at the substrate position, corresponding to an enhanced ion-to-atom arrival rate ratio. The main preferential orientations can be indexed to a fcc structure, typical for TiN. With the lowest ion-to-atom arrival rate ratio (without coils) a phase with a lattice parameter of 0.418 nm is formed. These conditions associated with low deposition temperature do not provide the necessary atomic surface mobility in the growing film. Thus, neither the phase segregation, nor the consequent formation of the polycrystalline grains and the amorphous tissue are ensured, as was also observed in samples prepared by r.f. magnetron sputtering w14,28,29x. The Ti replacement by Si and Al explains the low lattice parameter value for this metastable phase (;0.418 nm). With the increase in ionyatom arrival rate ratio, when surface mobility is enough, the segregated Si can be sufficient to nucleate and develop the Si N phase that forms a layer on the to the effect of enhanced ion bombardment. This induces a partial Al segregation, with AlN precipitation, as already reported for (Ti, Al)N films w30x. From peak widths in the XRD patterns a grain size decrease is also evident, which is consistent with Si and possibly Al segregation. Table 2 presents the compressive residual stress, the hardness and the Young's modulus of the samples described in Table 1 . Samples prepared without external magnetic field revealed low hardness values, which is related to low substrate temperature during deposition. The hardness increased substantially with the change of bias and the magnetic field at the substrate position. The increase in surface mobility induced by the enhanced ion-to-atom arrival rate ratio and the corresponding increase in substrate temperature are enough to ensure an enhancement in the nanocrystalsyamorphous phase segregation, increasing the hardening benefits, as well as film elastic behaviour, that can be ascribed to this structural arrangement. However, as expected the compressive residual stress increases with ion bombardment. The high compressive stress can be responsible for a hardness enhancement w31x. However, it is not the hardness value alone to determine the coating applicability, as shown in Fig. 4 , where are displayed the hardness and elastic modulus, as well as the pin-on-disk sliding wear rate against a Si N pin, 3 4 for the samples TA, TSA5 and TSA6. Data are reported also for three (Ti, Al, Si)N samples prepared by r.f. sputtering (sample 7 and 8) and by a combination of r.f. and d.c. supplying (sample 9) and for another (Ti, Al)N sample, also prepared by r.f. sputtering (sample TA-r.f.). The latter four samples were included, due to their high hardness and Young's moduli and microstructure w32x. The microstructure of these samples has some similarities with those of former samples, where the sample 8 has the same texture of sample 6 and the microstructure of samples 5 and 9 is also similar.
Ultramicrohardness, elastic modulus and pin-ondisk sliding wear
A first analysis of Fig. 4 suggests that only in certain cases the incorporation of Si resulted in a coating that showed a reduced sliding wear. Fig.  4 are not conclusive. Not only a high hardness determines the wear behaviour. In this study samples with similar HyE ratio revealed distinct sliding wear rate, suggesting that in multiphase nanocomposites the microstructure plays an important role.
In general, the (Ti, Al, Si)N samples revealed friction coefficients slightly lower than those of (Ti, Al)N samples (;0.85), the best result being a friction coefficient of 0.7.
Conclusions
XRD results suggest the following phase composition of the (Ti, Al, Si)N films, depending on the adopted deposition parameters: • a mixture of the metastable phase and nanocomposite coating phases, indicating that, in general, the segregation of TiN and SiN phases is not complete.
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The low deposition temperature and the reduced ion bombardment induce low species mobility in the growing film that cannot efficiently segregate the nanocrystallineyamorphous phase type structure. Increasing ion bombardment and temperature results in an enhancement of mechanical properties. These benefits are particularly visible in hardness values, where an increase in ion bombardment (increase in coil current) corresponds to a hardness increase from 30 to 45 GPa, as well as on the wear resistance where a decrease on sliding wear rate from 6=10 m N to 1=10 y14 2 y1 y14 m N was observed.
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